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1.0 INTRODUCTION

1.1 BACKGROUND

Altitude test cells are routinely used to test aero-engines during their development phases.
Often, these cells are also used to test propulsion system enhancements after entering service. In
a typical installation, the engine is contained in a large test cell where the engine inlet is supplied
with conditioned air through a direct connection to the test cell air supply system. The engine
inlet is aerodynamically isolated from the test cell. The test cell is maintained at the desired
altitude pressure through the combined action of the facility exhaust compressors and the
pumping action of the engine exhaust as it enters the test cell exhaust gas management system
(EGMS) which, in its most common form, is a cylindrical diffuser. In such an installation, the
high-energy engine exhaust stream may contain acoustic and/or fluid dynamic characteristics that
can couple with the resonant modes of the test cell and/or the EGMS to produce strong,
undesirable pressure fluctuations.

In isolated full-scale engine tests conducted at Arnold Engineering Development Center
(AEDC) in Tennessee, it has become apparent that, for certain operating conditions and test
geometries, when engines exhaust supersonically into the EGMS, high-intensity discrete tones
(whistles) are heard (Ref. 1.1). Sound pressure levels as high as 170 dB have been measured
within the facility exhaust system. These whistles appear to be unrelated to the screech
commonly observed in free jets and whose frequency can now be calculated with a high degree
of accuracy (Ref. 1.2).

When these high-intensity tones are heard, it appears that the phenomenon responsible for
these tones also is directly or indirectly responsible for producing large vibrations in the test/cells
and other related test facility ducting (Ref. 1.1).

The above-described phenomenon has been observed for both axisymmetric,
underexpanded nozzles and for two-dimensional, convergent-divergent (2-D, C-D) nozzles. For
the 2-D, C-D nozzle, it appears that for certain flow operating conditions, the whole jet body
physically deflects in the manner of a fluidic jet. This is also accompanied by a high-amplitude
(in excess of 165 dB) discrete tone.

The physical mechanisms responsible for the discrete tones described above and their
interactions with the flow need to be understood so that a corrective action can be taken in a
timely manner. Or if it is known in advance as to what range of flow conditions for given
geometric test configuration produces an unacceptable interaction, then that range of flow
conditions can be avoided until an appropriate control methodology has been implemented.

In an effOlt to develop an understanding of the physical mechanisms involved in the flow/
acoustic interactions experienced in the full-scale altitude test facilities at AEDC, an extensive
set of measurements was carried out in 1991 by the authors using a 1I48th-scale model facility at
the Georgia Tech Research Institute (GTRI) (Ref. 1.3). Model cold-jet experiments with an
axisymmetric convergent nozzle were performed in a test setup that simulated a supersonic jet
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exhausting into a cylindrical diffuser. The measured data consisted of detailed flow visualization
and acoustic spectra for a free and a ducted plume. To complement the experimental study, a
theoretical model was also developed. It was shown that duct resonance is most likely
responsible for the low-frequency, high-intensity whistles experienced in the AEDC full-scale
facilities, and the higher frequencies are related to the screech phenomenon.

While we were able to replicate the frequencies, scaled appropriately for the model scale
test configuration, we were unable to reproduce the high amplitudes (as high as 170 dB)
experienced in the full-scale facilities. To establish if this could have been a result of the small
scale of the model, a nominally 25 times larger (the diffuser was 66 in. in diameter by 108 in.
long) test setup was built and tested in NASA Lewis Research Center wind tunnel altitude test
cell PSL-3. These measurements were also made only for cold-flow simulations and are
described in Ref. 1.4. In these measurements also, we were able to replicate a duct resonance
frequency which linearly scaled with the geometry of the full-scale facility and the 1I48th-scale
GTRI facility alluded to above. Unfortunately, similar to the cold-flow measurements of the
GTRI sub-scale facility, these measurements also failed to reproduce the high amplitudes
experienced in the full-scale facilities.

It was established from these measurements that the scale of the test facility was not
responsible for the reduced whistle amplitudes. Since the high-amplitude whistles in the full
scale facilities were obtained for higher jet temperatures, it was speculated that the amplitude of
the duct resonance for our test geometry may increase for certain operating conditions if the
plume is operated at higher temperatures. This is because growth rates of the instability waves in
a jet are expected to be different at different temperatures (Ref. 1.5). Their most preferred
frequencies are expected to change with temperature and if the most preferred frequency of the
jet instability at a given operating condition matches a duct resonance frequency for our model
scale facility, high amplitudes are likely to result.

It is to understand this effect of temperature on the flow/acoustic interactions between the
altitude test facility and a jet engine plume that the study described in the present report was
initiated.

1.2 PROGRAM OBJECTIVE

The overall objective of the present investigation was to determine the mechanisms
responsible for engine/test cell resonance observed at the AEDC facility. The specific objective
was to determine the effect of heating the jet on its coupling with the diffuser used in a typical
engine/test cell facility.

This objective was to be accomplished through systematic measurements of cold and heated
free and ducted jets using a sub-scale facility.

An additional objective was to analytically examine the behavior of jet instability waves as
a function of temperature and to identify any potential of strong coupling between the jet
instabilities and diffuser duct resonance modes directly attributable to heating of the jet.

8
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1.3 REPORT OUTLINE

The model-jet diffuser test facility setup and test procedures are described in Section 2. This
is followed, in Section 3, by a description of the effect of temperature on the screech
phenomenon of a free jet. The results are compared with the theoretical model of Tam (Ref. 1.6).
Results for the ducted jet are then presented in Section 4.

Also, a number of spin-off results became available at the end of the present study. For the
sake of completeness, these results are included in this report in appendices at the end of the
report. Analytical calculations performed by Dr. Tam in support of the experimental study appear
in Section 6. This section also includes a summary of the study together with a concise
discussion. Finally, the overall conclusions and recommendations are also provided in Section 6.
Equations used for mass flow calculations are included in Appendix D, and the nomenclature in
AppendixH.

It should be noted that, throughout this report, the words "diffuser" and "ejector" are used
interchangeably. For all experimental observations reported, the exhaust diffuser was operated in
an unstarted condition, (i.e., subsonic flow existed in portion of diffuser allowing communication
from entrance to exit). The term "ducted" indicates the complete subscale facility consisting of
the jet, the diffuser, and the cell sections surrounding the jet nozzle and downstream of the jet
nozzle.

2.0 EXPERIMENTAL SETUP AND TEST PROCEDURES

2.1 COMPLETE MODEL CONFIGURATION AND AIR SUPPLY PLENUM

Based upon the specifications provided by personnel at AEDC, the model jet/diffuser/test
cell configurations shown in Figs. 2.1 - 2.3 were designed and fabricated. The air for the jet is
provided by a compressor capable of providing up to 17 Ibm/sec of dry air continuously. The jet
exhausts from a 0.484-in.-diam round convergent nozzle.

All of the experiments reported here were conducted in GTRI's Hot Jet Facility which is
described in detail in Refs. 2.1 and 2.2. As shown in Fig. 2.4, the primary flow enters through a
lO-in.-diam plenum to a 4-in.-diam supply duct followed by a 4-in. to 2-in. converging section.
The test nozzle used in this program has an exit diameter of 0.484 in. and is attached to this
converging section. This provides an overall plenum-to-nozzle area contraction ratio of 427. A 1
in.-diam convergent circular nozzle was available to us at the beginning of the program while the
smaller nozzle (Dj = 0.484 in.) was being fabricated. For selected tests with the free jet, this l-in.
diam nozzle was used to examine the variation of screech frequency with temperature, and
results along with those for the smaller diameter nozzle are compared in this report.

The air flow in this facility is heated by a propane burner. The plenum temperatures can be

heated to an excess of 1,700oR at pressure ratios exceeding 4.5.
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2.2 FREE-JET CONFIGURATION

The free-jet nozzle is constructed of a high-temperature steel alloy. The nozzle consists of a
lO-in.-Iong duct with an inner diameter of 2 in. that ends in a l-in.-Iong converging section to a
final exit of 0,484 in. The nozzle was initially designed so that the end of the nozzle could be
screwed on and off. This was done to facilitate the addition of a boundary-layer trip upstream of
the nozzle lip and, if needed, to provide an additional section of duct to lengthen the nozzle.
Figure 2.5 shows the free jet as mounted in the hot jet facility for free-jet data acquisition. Figure
2.6 is a side view of the end of the nozzle and the boundary-layer trip. Figure 2.7 shows an end
view of the converging section of the nozzle with the boundary-layer trip in place.

Figure 2.5. Experimental setup for the free jet.
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Figure 2.6. Side view of nozzle and boundary-layer trip.

Figure 2.7. End view of nozzle with boundary-layer trip in place.
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2.3 DUCTED JET CONFIGURATION

The ducted jet configuration is based on a scaled-down version of the AEDC test facility
with a slightly simplified geometry. It consists of the jet described above exhausting into a test
cell with a diffuser located slightly downstream. The test cell is constructed from steel and is 6.5
in. in diameter. To simulate the test conditions typical of those used at AEDC during the full
scale tests, a manifold is attached to the test cell through which secondary air can be entrained
for cooling purposes. This secondary air enters the test cell through four inlets. The secondary air
is entrained through the manifold opening. The diffuser is constructed of a high-temperature steel
alloy and has a diameter of 2.62 in. The diffuser is constructed with a length-to-diameter ratio (L/
D) of 3. Downstream of the diffuser wall, the test cell wall continues with a constant diameter of
6.5 in. for another 25.5 in. A cutaway view of the ducted configuration appears in Fig. 2.1 while
the critical dimensions appear in Figs. 2.2 and 2.3 .

The ducted jet components are shown before assembly in Fig. 2.8, and the ducted jet
configuration is shown mounted in Fig. 2.9. The LID =3 diffuser is shown in Fig. 2.10 .

Note that the component shown seated second from left in Fig. 2.8 is the ejector (or
diffuser) equipped with high-temperature transducers mounted in water jackets. These
transducers and water jackets are described in detail later in Appendix F. These high-temperature
transducers were not used in the present study due to a change in the scope of the program.
Figure 2.8 is included merely for the sake of completeness. A second ejector shown in Fig. 2.10
without room for water jackets and transducers was used for all tests reported here. This diffuser
is mounted inside the long test cell shown in Fig. 2.9.

Figure 2.8. Individual components of the ducted jet assembly.
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Figure 2.9. Ducted jet configuration as tested in hot-jet facility.

Figure 2.10. Side view ofL/D = 3 diffuser.
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2.4 INSTRUMENTATION

All acoustic data were acquired using a type 4136 Bruel and Kjaer 1I4-in.-diam microphone
located at 7.3 exit diameters (7.3 De) above and slightly behind the nozzle (9 =110.92 deg). The
data from this microphone were analyzed from 0 to 100 kHz using a Hewlett Packard (HP)
narrow band real-time analyzer with a bandwidth resolution (~t) of 128 Hz.

For the ducted conditions, the microphone was mounted flush with the wall of the test cell.
For the heated conditions, this meant that the microphone could potentially be exposed to high
temperatures. A wooden sheath for the microphone was constructed to protect the microphone
from heat from the surroundings. This sheath is shown in Fig. 2.11 as it mounted over the B&K
microphone. A test was conducted to ensure that the sensitivity of the microphone was not
jeopardized. This is described separately in Section 4.2.2.

Additional tests were conducted to measure the temperatures in the test cell and at locations
downstream of the diffuser. These temperature measurements were made using Chromel
Alumel® thermocouples. For the test cell temperature, the thermocouple was located roughly in
between the test cell wall and nozzle wall (1-114 in. beneath the test cell wall). The location of
this thermocouple relative to the nozzle is shown in Fig. 2.12. Although it is appreciated that
temperature measurement made only at one location may not be a true indicator of the test cell
temperature, it does provide a qualitative insight into the effects of the changing secondary mass
flow rate since this temperature was a strong function of the secondary mass flow rate. This
temperature location was also close to the nozzle exit and hence was used to determine the
operating temperature ratio of the jet for a given reservoir temperature.

The thermocouple in the diffuser was located 1/2 in. from the diffuser exit and 112 in. from
the diffuser wall, as is shown in Fig. 2.13. The temperatures measured here are very likely
representative of the average temperatures in the diffuser as the flow is expected to be well
mixed at this stage.

The test cell static pressure was measured for all tests as this pressure was necessary to
calculate the jet pressure ratio that determined the operating conditions. This static pressure was
measured near the upstream wall of the test cell. The location of this static pressure port, as well
as the microphone and thermocouple locations on the test cell, are shown in Fig. 2.14.

Pressure measurements were also made to allow the calculation of the secondary mass flow
rate. The secondary air was entrained either through a venturi that was attached to the manifold
or through the manifold opening itself. For those tests for which the venturi was used, the
pressure was measured at the inlet and at the throat of the venturi as depicted in Fig. 2.15. For the
tests where the secondary air manifold was left open, a pitot static probe was inserted into the
manifold and the pressure difference was measured and used to calculate the velocity in the
manifold. It was found that the pressure difference was constant across the cross section of the
manifold intake. Figure 2.16 shows the setup for a test where the open manifold was used. The
manometer used to measure the pressure difference across the pitot probe can be seen in the
foreground, and the pitot probe can be seen protruding from the manifold.

17
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In the final test conducted where a portion of the inlet of the diffuser was closed off by
using an orifice baffle, an additional thermocouple was installed in the upstream portion of the
diffuser. This addition of the orifice baffle to the diffuser and the thermocouple are shown in Fig.
2.17.

Figure 2.11. B&K microphone with protective wooden sheath.

Figure 2.12. Thermocouple used to measure test cell temperature.
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Figure 2.13. Thermocouple used to measure diffuser temperature.

Figure 2.14. Relative locations of the static pressure port, microphone and
thermocouple on the test cell.
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Figure 2.15. Ducted jet configuration using the venturi.

Figure 2.16. Ducted jet configuration using the open manifold.
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Figure 2.17. Orifice baffle added to the diffuser and additional upstream thermocouple.

2.5 TEST CONDITIONS

All tests with the smaller diameter nozzle (Le., Dj =0.484 in.) were first conducted with the
free jet and then with the ducted configuration. For the ducted configuration, the nozzle exit was
located at a distance of 0.3 nozzle exit diameters from the ejector inlet for all tests. In both cases
the microphone location with respect to the nozzle center did not change. For the I-in. nozzle, for
which only the free-jet data were obtained, the microphone was located in the plane of the nozzle
exit at a distance of 4 ft from the nozzle center.

The free jet was operated at plenum pressure ratios corresponding to fully developed Mach
numbers (nominal values) of 0.8, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, and 1.6. Thus, for the ducted jet,
these Mach numbers were slightly higher since the jet was expanding into a region of lower
pressure. For each Mach number, the acoustic data were acquired for plenum chamber
temperatures of ambient, 400, 750, and 1,000oF. Depending upon the secondary mass flow rate
for the ducted jet, this provided different tempera~ure ratios at the nozzle exit for a constant
plenum temperature, Tf • The temperature ratios as a function of jet Mach number, Mj , are shown
in Figs. 2.18 and 2.19 for reservoir temperatures of 750°F and 1,000oF, respectively. Figure 2.19
also shows selected data for the manifold 112-open. (Half of the manifold opening was covered
by a steel plate in this case.)
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3.0 FREE-JET RESULTS

The results for the free jet only are presented in this section. Particular attention is paid to
the variation of screech frequency and amplitude with jet temperature. It is shown that the effect
of the boundary-layer trip on the free-jet acoustic spectra was negligible. The screech frequencies
measured for a range of test conditions are compared with those predicted by Tam's theory (Ref.
3.1), and excellent agreement is found with measurements. The effect of temperature is to
decrease the amplitude of the screech and also to reduce the normalized frequency at a fixed
fully expanded jet Mach number.

It should be pointed out here that the sound pressure level (SPL) spectra presented in this
report were obtained in a semi-anechoic chamber. Caution should, therefore, be exercised in
attempting to compare these spectra with similar spectra obtained in large anechoic chambers.
The free-jet data are presented here to examine the trends and to examine the variation of
frequency peaks as a function of temperature. Suffice it to say, however, that subsequent data
obtained in a large anechoic chamber produced similar results and conclusions (Ref. 3.2).

Also, for the sake of completeness, the free-jet noise spectra are presented separately in
Appendices A and B for the I-in. and the 0.48-in.-diam nozzles, respectively.

3.1 EFFECT OF BOUNDARY-LAYER TRIP

Since the test nozzle had a small diameter and since with heating the kinematic viscosity of
air increases with temperature, there was concern that the resulting low values of Reynolds
numbers may produce laminar boundary layers at the exit of the nozzles. To ensure that the
boundary layer at the exit of our nozzle was turbulent, and thus a more realistic representation of
the flow in the full-scale system, we introduced a boundary-layer wire trip located just upstream
of the nozzle exit as shown earlier in Fig. 2.7. A similar trip was installed in earlier heated jet
studies by the first author (Ref. 3.3) using the same facility as used here, and it successfully
rendered the boundary layer turbulent. (Note that this boundary-layer trip was used only with the
0.48-in.-diam nozzle in the present study.)

The boundary-layer trip was found to have a negligible effect upon the jet acoustics as
shown in Fig. 3.1 for a jet Mach number, Mj , of 0.8 and in Fig. 3.2 for Mj =1.45. Similar results
were obtained at other Mach numbers. Due to mechanical difficulties in removing and replacing
the boundary-layer trip, it was eventually left in the nozzle and the majority of the tests were
conducted with the trip in place.

3.2 EFFECT OF TEMPERATURE RATIO

3.2.1 Subsonic Case

Although acoustic data were acquired for only one subsonic Mach number, the effect of the
temperature ratio on the spectra follows the anticipated trend. Increasing the temperature ratio
serves to increase the broadband noise across the entire frequency range. This is as expected,
since the noise in the subsonic case is primarily mixing noise. For a constant jet exit Mach
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number, the jet velocity increases with increasing temperature ratio. Since the mixing noise is a
function of the jet velocity, one would expect an increase in mixing noise with increasing
velocity. This trend is clearly seen in Fig. 3.3. Increasing the temperature ratio from 1 to 2.87
(plenum temperature = 54°F to 1,0000F) results in an increase of approximately 10 dB below 10
kHz and roughly 5-7 dB at higher frequencies.

3.2.2 Supersonic Case

The effect of temperature is best seen by comparing the spectra of the l-in.-diam nozzle at
Mj =1.2 at three temperature ratios, 0.99, 2.24, and 2.76 as shown in Figs. 3.4a -c, respectively.
Two effects are quite obvious. First, for each Mach number, the frequencies change with
increasing temperature. Second, the amplitude has a tendency of decreasing with increasing
temperature. Because of a multiplicity of screech tones at this Mach number, it is difficult to
establish if the screech frequency increases or decreases with jet temperature. After a careful
examination of all spectra, for other Mach numbers and jet exit diameters, it became clear that
the screech frequencies actually increased with increasing jet diameter. This is discussed below
in relation to the spectra for the 0.48-in.-diam nozzle.

Typical spectra for the 0.48-in.-diam nozzle are shown in Figs. 3.5 - 3.7 for three fully
expanded jet Mach numbers, namely 1.12, 1.34, and 1.56, respectively. In each figure, data for
four temperature ratios, 1, 1.69, 2.37, and 2.78, are presented. These temperature ratios
correspond to plenum temperatures of ambient, 400, 750, and 1,000oF, respectively. Here it is
found that for a Mach number of 1.12, the screech frequencies increase from 19.1 to 22.2 to 23.9
to 24.8 kHz on increasing the temperature ratio from I to 1.69 to 2.37 to 2.78, respectively.
Similarly, for a Mach number of 1.56, these frequencies are 9.3, 10.8, and 11.2 kHz for
temperature ratios of 1, 2.37, and 2.78, respectively.

Also note that the amplitude of screech decreases with increasing temperature only at the
lower jet Mach numbers up to 1.2; at the higher Mach numbers, it is difficult to draw firm
conclusions. At Mj = 1.56, temperature has no effect on the amplitude of the fundamental
screech tone.

3.3 COMPARISON WITH THEORY

It is well known that the screech tones in shock-containing supersonic jets are generated by
a feedback loop. The loop consists of three main components. They are the downstream
propagating instability wave, the shock cell structure in the jet plume, and the feedback acoustic
waves immediately outside the jet. Figure 3.8 shows a schematic of the screech tone feedback
loop. An instability wave of the jet is generated by acoustic disturbances near the nozzle exit
where the mixing layer is thin and is most receptive to excitation. The instability wave grows as
it propagates downstream by extracting energy from the mean flow of the jet. At a distance of
about four to five shock cells downstream, the instability wave, having acquired large enough
amplitude, interacts strongly with the shock cell structure inside the jet plume. The unsteady
interaction results in the emission of intense acoustic waves, part of which propagate upstream
outside the jet. Upon reaching the jet nozzle exit, the acoustic disturbances excite the shear layer
of the jet, thus generating a new instability wave. In this way the feedback loop is completed.
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Figure 3.8. Jet screech feedback loop.

Each of the three components of the feedback loop alluded to above plays a different but
essential role in the maintenance of the feedback loop. Tam, Seiner, and Yu (Ref. 3.4) examined
the feedback loop and suggested that feedback acoustic waves were the "weakest link" of the
loop. As in the case of the broadband shock-associated jet noise, the principal direction of the
feedback acoustic waves is related to its frequency. In order that enough acoustic waves reach
the nozzle lip to maintain the feedback loop, the principal direction must be in the 180-deg
upstream direction. By imposing this upstream radiation condition, Tam, Seiner, and Yu derived
the following screech tone frequency formula

[ l~j-lfD. I )' 1 2 2 T
U

J ~ 0.67~ 1 +0.7Mj .( J +-i--Mj) /
J M~-l a

J

(1)

where f is the frequency, Dj is the effective jet diameter, Uj is the jet velocity, Mj is the fully
expanded jet Mach number, TR is the reservoir temperature, and Ta is the temperature of the
medium into which the jet expands.

Here Dj , the fully expanded jet diameter, is related to the nozzle exit diameter, D, and the
nozzle design Mach number, Md, by the following relation (Ref. 3.5).

(2)
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Equation (1) is valid for both hot and cold jets. A quick inspection of this equation indicates
that the normalized screech frequency (i.e., fD/Uj ) decreases with increasing jet Mach number
and temperature ratio. Note, however, that the absolute screech frequency actually increases with
increasing temperature for a fixed Mach number. This is because although the jet velocity

increases as T/2, the decrease in Strouhal number is faster than Tj -
1I2.

The measured screech frequencies for the free jet are compared here with the predicted
frequency for jet total temperatures of 60,400, 750, and 1,000oF using Tam's formulation (Ref.
3.1). Only limited data were available for the 400°F temperature, while for all other
temperatures, the frequencies were measured both for the 0.484-in. nozzle and for a I-in. nozzle.
Data obtained from previous tests for the unheated conditions (Ref. 3.6) using the 0.484-in.
nozzle are also included.

The screech Strouhal numbers, fD/Dj , corresponding to the measured data for four
temperature ratios are compared with the predicted values in Fig. 3.9. Data for each temperature
are compared separately in Figs. 3.10 - 3.13.

As is seen in Fig. 3.9, the experimental data follow the predicted trend quite well. The
screech Strouhal number for a given Mach number decreases as the jet total temperature ratio
increases. For all conditions, the measured screech frequencies match the predicted frequencies
closely at all Mach numbers except in the range Mj =1.2 - 1.35. In this range of Mach numbers,
the predicted values of screech Strouhal numbers are higher than those measured. This is
particularly clear for the results for the unheated condition shown in Fig. 3.10 for which a large
number of data points were available in the range Mj = 1.2 - 1.4. Recall (Ref. 3.6) that it is
between Mj = 1.2 and 1.35 that the instabilities switch from axisymmetric to helical or flapping
mode. The discrepancy observed between the measurements and prediction by Tam's theory may
be due to the jet switching modes in this region for which the assumptions of a constant
convection Mach number in Tam's theory for the feedback frequency may not be valid.

Comparison of Tam's theory with other researchers' data was also performed, as was the
relationship between the screech tones and the growth rate of instabilities as a function of jet
temperature. These were discussed in a recent AIAA paper by the authors (Ref. 3.7).

3.4 CONCLUDING REMARKS

Although the main objective of the present program was to study the ducted jets, it was
important to ensure that our understanding of the free jet was correct. As shown here, the free jet
appears to be well-behaved. Our data are credible and it is safe to conclude that the effect of
temperature is to reduce the peak Strouhal number of the screech frequency and the absolute
frequency actually increases with temperature. Clearly, this implies that if for unheated
conditions, the duct resonance tones did not match with the screech tones, it is possible for them
to match the screech frequencies at heated conditions which can result in very high amplitude
discrete tones.
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4.0 DUCTED JET RESULTS

4.1 SUMMARY OF PREVIOUS RESULTS

In the Phase 1 study (Ref. 4.1), an experimental and theoretical study was carried out to
understand the aeroacoustics of the jet/diffuser flows. Model cold-jet experiments with an
axisymmetric convergent nozzle were performed in a test setup that simulated a supersonic jet
exhausting into a cylindrical diffuser. The measured data consisted of detailed flow visualization
data and acoustic spectra for a free and a ducted plume. Theoretical calculations were also
performed. It was shown that duct resonance is most likely responsible for the low-frequency,
high-intensity whistles experienced in the AEDC full-scale facilities, and the higher frequencies
are related to the screech phenomenon.

While we were able to replicate the frequencies, scaled appropriately for the model scale
test configuration, we were unable to reproduce the high amplitudes (as high as 170 dB)
experienced in the full-scale facilities. To establish if this could have been a result of the small
scale of the model, a 25 times larger scale test setup was built and tested in NASA Lewis
Research Center altitude test cell PSL-3. These measurements were also made only for cold flow
simulations and are described in Ref. 4.2. In these measurements also, we were able to replicate a
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duct resonance frequency which linearly scaled with the geometry of the full-scale facility and
the 1I48th-scale GTRI facility alluded to above. Unfortunately, similar to the cold-flow
measurements of the GTRI subscale facility, these measurements also failed to reproduce the
high amplitudes experienced in the full-scale facilities.

It was established from these measurements that the scale of the test facility was not
responsible for the reduced levels. Since the high-amplitude whistles in the full-scale facilities
were obtained for higher jet temperatures, it was speculated that the amplitude of the duct
resonance for our test geometry may increase for certain operating conditions if the plume is
operated at higher temperatures. This is because growth rates of the instability waves in a jet are
expected to be different at different temperatures (Ref. 4.3). Their most preferred frequencies are
expected to change with temperature and if this most preferred frequency of the jet instability at
a given operating condition matches a duct resonance frequency for our model scale facility, high
amplitudes are likely to result.

It is to understand this effect of temperature on the flow/acoustic interactions between the
altitude test facility and a jet engine plume that the study described in the present report was
initiated.

4.2 PREPARATORY TESTS

Before acquiring the detailed acoustic data for the ducted configuration, a number of
preparatory tests had to be performed to obtain confidence in our data. These are described
briefly below.

4.2.1 Effect of Venting Air

Because of the small size of the test nozzle (D = 0.48 in.), the mass flow rate was
inadequate for the burner to operate stably for the duration of the test. To keep the burner lit
during a given test, therefore, we increased the mass flow rate through the burner and before
exhausting through the test nozzle we let an appropriate amount of air vent out to the atmo
sphere. This air was vented away from the experimental setup through a 4-in.- diam pipe which
is shown in Fig. 4.1. Unfortunately, due to the high temperature and pressure in the burner, this
vented air was at a fairly high velocity and was extremely loud. To ensure that the noise created
by venting this air did not affect our data, several acoustic measurements were made at the in
duct microphone location, once with and then without the vent in operation. As is seen in
Figs.4.2 and 4.3, the noise created by venting this air had insignificant effect on the acoustic data
over the majority of the spectral range.
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Figure 4.1. Vent outside of Hot Jet Facility.
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4.2.2 Microphone Temperature Tests

Por the ducted conditions, the microphone was mounted flush with the wall of the test cell.
Por the heated conditions, this meant that the microphone was exposed to potentially high
temperatures. According to the B&K specifications on 4136 microphones, their sensitivity starts
to change at temperatures greater than lOOoe (or 212°p). Since the wall temperature had been
measured to be as high as 2000p (See Pig. 4.5), several tests were done to ensure that the
microphone was working properly, even though attempts were made before the test began to
shield the microphone from heat transfer from the wall. Temperature measurements were made
at three locations: (1) on the test cell wall (2) at a typical interior location of the test cell, and (3)
at a representative location just upstream of the diffuser exit. These three locations are shown
schematically in PigsAAa-c, respectively.

It was found that the temperature in the test cell decreased dramatically as the secondary
mass flow rate increased (See Pig. 4.6) and vice versa (See Pig. 4.7). With the secondary
manifold fully open (i.e., with the venturi removed), the highest test cell temperature was about
lOOoP at all jet Mach numbers (See Pig. 4.6). The highest ejector temperature in this case was
about 525°P for a reservoir temperature of 1,0000P. These values were significantly higher when
the venturi was added, as shown in Pig. 4.7 by arrows.

The most crucial temperature for the microphone occurred when the jet was the hottest and
the mass flow rate was the lowest. Por the tests presented here, this condition occurred when the
jet was at 1,0000P and the venturi described earlier was used to control the secondary mass flow
rate. Since the secondary air was entrained by the pumping effect of the ejector, the addition of
the venturi decreased the effective area of the air entrainment through the secondary air manifold
and hence contributed to an increase in the test cell temperature.

Recall from Section 4.1 that a wooden sheath was used to protect the microphone from heat.
We believe that our microphone's performance remained unchanged because of this wooden
sheath and because it was flush mounted and as shown in Pig. 4.5, the wall temperature barely
exceeds 2000P for most tests. The jet was operated at 1,0000p with the venturi removed, and then
with the venturi in place. In addition, several acoustic spectra were acquired as a function of time
during which the temperature in the test cell increased gradually. The temperature rose rapidly
during the first 30 sec and then gradually achieved a steady value of 4000p as shown in Pig. 4.8.
The test cell wall temperature still never exceeded 2000P. The microphone's performance
remained unchanged as the same spectra could be measured in many of repeat runs for both the
unheated and heated operating conditions over a span of some 18 months by the physically same
microphone.

4.3 EFFECT OF TEMPERATURE RATIO ON IN-DUCT ACOUSTIC SPECTRA

As mentioned earlier, data at the in-duct microphone were acquired for four reservoir
temperature conditions: unheated, 400°, 750°, and 1,0000P. These measurements were first made
with a venturi in place, and then with it removed. The presence of the venturi, which had a small
diameter (0.080-in.) throat, restricted the pumping of the secondary mass flow through the
secondary manifold and as such the temperature in the test cell which was used to define the jet
operating temperature stayed rather high. It was only when the venturi was removed and the 2-
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Figure 4.4a. Position of thermocouple relative to test cell wall to
measure temperature at microphone location.
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Figure 4.4b. Position of thermocouple relative to test cell wall to
measure temperature in the test cell.
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Figure 4.4c. Position of thermocouple relative to test cell wall to
measure tempel'ature in diffuser.

44



AEDC·TR·94-10

in.-diam secondary manifold was allowed to entrain as much air as its operating conditions
demanded that the ambient temperature inside the test cell in the vicinity of the jet exit became
low enough to be very close to that of the lab air. This provided reasonably high jet total
temperature to the test cell temperature ratios.

It will be shown below that changing the ratio of the jet total temperature to the test cell
temperature had a significant effect on the noise produced in the ducted configuration. In
previous tests conducted at GTRI (Ref. 4.1), it was found that the noise generated was
independent of the secondary mass flow for an unheated jet in the far field. It is assumed that the
in-duct data are also independent of the secondary flow and any changes observed in the in-duct
acoustic signatures are therefore assumed to be due to the changes in the flow temperature.
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Figure 4.7. Temperature in test cell and ejector for plenum temperature of I,OOO'F.
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Figure 4.8. Temperature in test cell and ejector for Tplenum = I,OOOoF and pressure ratio of
3.41 as a function of time after venturi mounted.

Individual spectra measured at the in-duct microphone locations with the venturi in place
are included in Appendix D for various Mach numbers and temperatures. Similar data are then
presented in Pigs. 4.9 - 4.17 with the venturi removed. In each figure, frequencies of obvious
tones have also been labeled. The spectra for three temperatures, namely, 53°, 750°, and 1,0000p
are compared for Mach numbers shown below.
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Mach Tplenum T plenumITambient TPlenumITtest cell
Figures Number (oF) (Nominal) (Nominal)

4.9a-d 0.81 53,400, 750, 1,000 1, 1.69,2.35,2.86 1, N/A, 1.83, 1.71
4.lOa-d 1.02 53, 400, 750, 1,000 1, 1.69,2.35,2.86 1, 1.27, 1.64, 1.69
4. 11a- d 1.12 53,400, 750, 1,000 1, 1.69,2.35,2.86 1, 1.24, 1.61, 1.67
4.12a-d 1.23 53,400, 750, 1,000 1, 1.69,2.35,2.86 1, N/A, 1.55, 1.61
4.13a-d 1.34 53,400, 750, 1,000 1, 1.69,2.35,2.86 1, N/A, 1.52, 1.61
4. 14a-c 1.45 53, 750, 1,000 1,2.35,2.86 1, 1.48, 1.60
4.15 a, b 1.56 53,1,000 1,2.86 1, 1.56
4.16 a, b 1.68 53,1,000 1,2.86 1, 1.55
4.17 1.74 53 1 1

Note that although our primary interest was to examine the spectra for the supersonic Mach
numbers, we have also included data for a subsonic Mach number, namely, Mj =0.8, so that we
can distinguish a duct resonance tone from screech. The spectra for Mj = 0.8 indeed show a
number of tones in the low-frequency region up to about 15 kHz, which, as discussed below can
indeed be identified to match the duct-resonance tones. For the supersonic case, both the duct
resonance tones and those clearly identifiable with the screech tones discussed earlier in Section
3 were measured.

It was pointed out in our earlier studies that the duct resonance frequency is a mild function
of the flow Mach number. It does, however, change proportional to the square root of the flow
static temperature as the duct resonance frequency is directly proportional to speed of sound. To
demonstrate that a number of tones observed in our measured spectra are indeed due to the duct
resonance, we have plotted various measured tone frequencies as a function of the ejector
temperature in Fig. 4.18. In the same figure, we show the calculated resonance frequencies
associated with various modes in the ejector. (The equations used to calculate these frequencies
are described in Section 4.3.2.) It is clear that the measured tones match very well with those
predicted. These tones were measured for all flow conditions for which data were acquired.

We had two sets of data available to us: one set with the venturi connected to the secondary
manifold and another without. A close examination of the two sets of data showed that for a
fixed operating Mach number, increasing the absolute temperature of the jet air alone has little
effect on the amplitudes of the acoustic tones mentioned above. However, if the ratio of the jet
total (or the plenum total) temperature and the temperature of the test cell into which the jet
exhausts, increased tone levels are observed. In other words, it is the actual operating
temperature ratio that is important.

This is best seen in Figs. 4.19 and 4.20 where the in-duct acoustic data acquired with the
secondary manifold area restricted by the venturi and then with an open manifold are compared
for Mj =0.81 and 1.34, respectively. In each figure, the dotted line curve is for the configuration
with the venturi and the full line without. The spectral amplitudes with the venturi in place for
which the test cell temperature remained high because of the restricted mass flow rate from the
secondary manifold are lower than those for the manifold open. In the latter case, secondary flow
cooled the test cell and thus for a given plenum temperature the operating jet temperature
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increased with the plenum temperature, the tones as well as the broadband noise of the in-duct
spectra increased with increasing temperature. At times new high-level tones surfaced in the
measured spectra on heating the jet.

The best example of increased tonal content in the in-duct spectra as a result of increasing
the operating temperature ratio is seen in Fig. 4.21. This figure contains data for spectra acquired
over a period of 6 min. At the start, the secondary manifold was kept open and the spectrum
shown in this line was obtained. With this configuration the secondary mass flow rate was
approximately 90 percent that of the primary mass flow rate, and the temperature ratio (Tplenuml
Ttest cell) was 2.35. The secondary mass flow rate was reduced to only 1.5 percent by adding the
venturi. This provided a temperature ratio of 1.48. Spectra acquired 30 sec, 2 min, and 6 min
after adding the venturi to the secondary manifold are also shown in Fig. 4.21. Clearly, the tonal
content is not as high as for the higher temperature ratio. Even the broadband noise content is
lower.

In summary, higher temperature ratio appears to increase the discrete tone levels in the
frequency range 3 to 20 kHz, the largest increase taking place at 3.6 kHz. It is shown later that
even though the amplitudes measured at the in-duct microphone located upstream of the nozzle
exit were not as high as 170 dB, those measured inside the diffuser were close to 165 dB.

One glaring conclusion that can be drawn from these results is that the tones at new
frequencies with relatively high amplitudes can surface as the ratio of the jet temperature and that
of the surrounding is changed. It thus highlights the importance of the key objective of the
present program i.e., the importance of the operating jet temperature ratio in understanding jet!
facility acoustic interactions.

The data acquired with the manifold open, where a more realistic temperature ratio has been
simulated, have been used in the presentation below.

48



AEDC-TW
104O

0

0 
0

I 
-: 

0

~-E

O
E

 
E

~

00. 
::,

-- 
C.0 

0 
3

.2 
ii 

0

c9ý-

N
 

P
C

-4 
93a

o
o

o

(Z
 tU/N

5 .O
I 

X
 

.7au) aiI 
-

ids

49



AEM
CTR-94-10

x
 

C
0a%

 
0

00

0 
N

A
 

V

00 
0

(n 
00 

l

-Z
L

/S
0
 

X
~I 

E 
Iu 

a 
,d

'I 
~ 

j50



AEDC-TR4M-1O

0

C
-

0

a 
0 

A

*(%
J0 

N

0
o

.0
1
1
0
 

a

cc 
(*,I

00

0 
0 

0 
0

4) 
U

N
So 

x 
N

-)E
P

--d

~ 
5

1



AEDC.TR4-W
iO

v 
0 

E
l

0 
0

I 
x 

-

0~C
5

O
E

-

01

-
%

A

0 
rý'0

co 
L

n 
4

.1

r4 
c

co-

N
 

-0

-
Z

IS0 
X

N
 

If)a 
d

N
 

5
2



AEDC-TR-4-10

0

o5 
0

E

* 
0

C
~l 

m

G
E

 
-4

000a-,,

0
0

z

0
N

0~0

0 
0 

-
0

53



AEDC-TR-94-10

0
.

.
..
.
.
.
 

....
.
.
.
.
.
.

0 
-

C
-4

0 
0

00N
.

ccc

C
N

o6 
-,N

.

00 -
0

000

N
 

-o

-- 
ro

o
U

N
-1xz*3)a 

d54C



AED
C

TR
-4-10

0
I 

I 
I 

I 
C

r4

Eil0

vji E

O
N

O

cn 
f-

00

00 
-

0

r4
.N

f4
 

N

N
 

I
01

00 
0 

0-

55



AEDC-TR"-010

0
 

( 
0 

G
oE
il

E
 

E
ý 

q
- 

E

0 
0

*0

l 
Is

000

Im
~r.* 

I-

(Z
IN

So 
E 

lu 
i 

d

-
(U

 
56



A
JM

C-TR-4-1O

I 
I 

I 
I 

I

c-

-oi

,- 
E

C
 

N

L
L

P
C

4...X

0 
0 

•

I-

4 
Im

C
c 

C

-%

00

0 
00

0n 
co 

-

00uN
S

0 
X

 
M

 
a 

d

N
5



AEM
CTR-94-10

0

C
>

-

-l 
p 

-

x
 

~ 
0

0
 

' 
EEý 

I: Z
'9U

C
'z 

a,%

f- 
c6

0 
0 

0

r -
c - ' 

anr 
jc

-- N-i

-Z
U

N
S

0
 

X
D

 
Z

 
1H

 
U

oo~ 
-5

8



AIEDC-TR41-1O0

00

L
n~

o1
1

,E
l

w
 

E
S

C
: 

Ln

v 
n 

n 
0

.

4, 
I

0 
1

4,4

0 
z

0

0 
) 

0 
0 

C
 

00

r- 
V

- 
eq

(Z
IU

S-0 
X

 
zIax 

q
p

 
id

rf~
 

e59



AEDC-TR.4-10

m
 

0
E

o
o

 
1

04' 
0

000

0 
.C

 
0 

0 
0 

0

600



AED
C

-TR
44IO

0

0
O

Y
) o 

0

E
 l 

r
CD 

0

C
-4

(7
;

M
 

I-

ca'

V
z

000

N
N

0 
0 

N
L

n 
G

o

(Z
U

IS-lx 
*Ig)aN-,d

a61



AEDC-TR-94-10

0

00

I 
6

CL6
CD'-

%
C

3 
I~-''IU

O
N

TL

0 
0

rn 
r

C
M

 
'.5V

 
L

M
 

cl-
tA

-
z

0C
 

0 
0 

0 
0
 

0
 

0

(,,w
/N

S-O
I 

X
 Z

 -13H
) 

U
P 

-
ldS

62



AEDC-TR-04-10

1
6600

.96

It 
0

no 
L

n

(*4 .-000
ao~

*aqi 
E

G
o 

' 
~ 

w
 

.-

%
.Q

 
4

ull~

(Z
t/N

SO
T

x 
z-13) 

p 
-Id

6
3
~



AEOC-TR-94-10

0

0 
L

E
l

oili

0

0
n

0
O

 
rlý 

f

N
N

0

("I
N

N

G
o 

oj
q

.141
tn 

C
N

0 
0 

0 
0 

0 
0 

0
0L 

0f 
I 

040 
0 

0
m

(ZuI/NS-O
T 

X
 Z *

Ia) OP 
U

 
iS

64



AEDC-TR4m-io

0

01 
W

- 
rr

z'-

C
L

L

e 
Ln

s 
:ff- 

N

I-U

6 
65



AEDC-TR-04-10

00

cn-

00

6) 
2 

-r

I 
co

*E
 

E

3N
C

U
2

o6z
C

ISI

"II

-t6n

(Z
-N

S0 
x 

"-a) 
p-'d

N
 

66



AEDC-TI44-1O

0 
cn 

0

C
5 

I 
l 

I 
0

oil~

.rr
Q

w
 

.

0O
E

C
2L

L
.

-~
~

~
f 

-C
.'I 

N
~

(N

0

00

0) 
0 

0 
C

 
0 

0 
0 

0)
(.0 

C
I/f-0

T
- 

W
- 

r- 
C

.-

(uIU/N~..eT 
x z *ianI) up -

-ids

67



AED
C

.TR
-W

4IO

0

00

oi

a
 

W
- 

2
E

l0

oozl

IO
E

 
In

-E

00 
0

-
.0

--

N
0 

C

0 
00 

00 
i

(
1

W
I/N

5
-I 

x 
z 

13Ia) 
fiP

 
-

'Ids

68



AEDC-TR-M
-1O

T
0

C
>-

E
l

0 
N

coC

_
 

ii 
r-

-f4

r- 
V

-~
 

01
4 

20 
E

 
~. 

N

00A

696



AEDC-TR-94-10

-T
U

-

o 
m

9
a

~
 

(Y
Ijf

E
l

I-V
 

X
 

W
 

-

C
D

.LII
4) 

C
Y

kna

00 
Z

00

cc 
In

I
*
 

m
 :

rnoz~

Inn

(Z
U

U
/S-O

T
x 

z 
,Igu 

ap 
'Id

7-0



AEW
c-TR44-o

0w
', 

E
l

co 
S

o
 

N

00 
a0

tn* 
T

N
N= 

-: 
-

C
) 

0
'0 

0~ 
A

.N
V

0 
r. 

o

-Z
U

N
S

o
 

-
zjIu 

,d

-7



AEDC-TR-4M-1O

0

00

IE
l.20 

U
U

h- 
cn

4
-

(U
 

II 
I

ii 
r- 

*. 
U

* 
1
 

-~
 

i-~
. 

C
O

 
N

oL

(-'4

0 
-t 

N-0 
V

at 
C

00 
0

0C
00 

0 
0 

0 
0

(Iu1/N
S..O

I 
X

 Z
 'i13H) 

SP
 

-
id

s

72



AEDC-Th44-t

C
-4-

M
 

oil
lb

E

A
~ 

co-

1 M=

_
1
 

I 
o
i 

T

el 
NO

 
N

all

ItI

C
-4--4

_
_
 

0

-z

0
 

00 
0 

0 
0 

0
n 

N
 

0

73



AEDC-TR-94-10

I 
;O

 v 
0 

(.9-

00

E
1 

E

0.
L

A
. 

)
0

cc 
~ 

ri
N

N

a

"0".0U

a 6 
a s

00 
0 

0 
0 

0 
L

L
0

(ZIw/N
S.O

I 
x z 

'jlp
j) ap

 
-id

s

74



AEDC-Th44.O

0

IF 
-

-

oS
~

c0
lax~

if.- 
E

CS 
00 

Z

000

00 
~ 

N
-n

xS

o
G

o
C

0 
0 

000)
rn(-'4A

-0 
z 

.a
u

 
p 

,d

75I



AEDC-TR-94-10

0

M
 

o 
4
0
 

0

E
il

Jo 
E

 
0

0La-0

*~
 

zI
n 

C
6

00 N
u

000

000

0 
00 

a
00- 

n

(U
/N

SO
 

X
 

N
 

-g)a 
Il

=7



AEDC-Th-4-10

1st Axial Mode ..... 0th Axial. 2nd Azimuthal Mode

l-- - 1st Axial, 1st Azimuthal Mode ... 0th Axial, 3rd Azimuthal Mode

I- 1at Axial, 2nd Azimuthal Mode - - 0th Axial. lt Azimuthal,

-.. 0th Axial, 1st Azimuthal Mode 1st Radial Mode

to-"

... 500. 8.3

-"" .-.-- ,,' 1

S 0 47"" 51530 4.01 r 57. 45

7- 60, 6.09

* ,, -- 5- 45

3 400, 3.45
"5 50, 3.45 & 3.63

50, 4.01

S330. 1.18 560 , 1.18

01 a a I I A I &- A I I I I 1 1 I '

0 100 200 300 400 500 600

Ejector Temperature OF

Figure 4.18. Predicted diffuser resonant frequency ranges and measured
results. (The numbers adjacent to arrows indicate the ejector
temperature, first number, and tone frequency in kHz, sec-
ond number)

77



A
ED

C-R-04-1O

00

N
P

L .
II

i ;;116 
1-

II = 
I

cs 
O

F

.-
IIr

I 
0

7
 

ii

r 
0
 

N
 

O

( L
U

/N
 

.O
[ 

--[:"HIN) H
P -'Id

s

78



AEDC-TR-4M-1O

000

P
, 

I 
I 

c 
i 

0

>U

'-.

49 
C0

o
o

-
0

0

0 
0

L
r) 

cr) 
'n

 
c

(Z
E

U
N

 s 
0 I 

1gd)op 
--1ca

79



AEDC-TR-94-10

LiA
000I

C
) 

0 
0 

0 
0

L
n 

c
o

800



AEDC-TR-94-10

4.3.1 Presence of Screech in the Ducted Configuration

Because of the predominance of tones in the in-duct spectra, it is difficult to separate the
duct resonance tones and those associated with screech. An experienced researcher who has
exar. tied a number of noise spectra for the free jet containing screech may be able to identify the
scre, _h frequencies in thli spectra obtained with the same jet enclosed in a duct, which we were
able to do. Yet, to obtain confidence in our measure of success, we have plotted the frequencies
of the tones that we believe are screech related in the fashion shown in Figs. 4.22, 4.23, and 4.24.
Here, we have plotted the normalized trequencies (i.e., fD[/Uj) of these tones against the jet
Mach number and have superimposed the theoretical curves for the free jet obtained by using
Tam's theory discussed earlier in relation to the screech of the free jets. Data for three
temperature ratios 1, 2.37, and 2.78, are shown in these figures. We have included data with
(square symbols) and without the venturi (circular symbols). Thus, data for two separate test cell
temperatures appear in each figure. The ratios of the plenum temperatures and the test cell
temperatures are also given in these figures.

It can be seen that we have been able to identify the screech frequencies in the duct
correctly. As in the case of the free jet, it is seen that these frequencies for the ducted
configuration also change with increasing temperature ratio. (Recall that the Strouhal number
decreases and ':,c frequency increases with increasing temperature.) A comparison of the spectra
for the free ;-t shown earlier and the ducted jet shown here will indicate that the amplitudes of
the sound pressures at these frequencies are much higher for the ducted case than for the free jet.

Strouhal Number vs Mach Number
(Theoretical and Experimental)

T /T = 1 for Ducted Jet
V *

0.8

0 --- TJtl TIC = 1 0 (theory)
0.7

- 0.6
0 T I TC = I 0 ýventun)

S0.5 0

- 0.4

00

0.2

0.1
1 1.2 1.4 1.6 !.8 2

Mach Number ( M

Figure 4.22. Strouhal number as a functicn of Mach number for the unheated ducted jet.
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Strouhal Number vs Mach Number
(Theoretical and Experimental)

T IT = 2.37 for Ducted Jet
r s

0.8
T -t/ TIC - 1.63 (theory)

0.7 0 T tl TIC T 1.63

- -- -T/Ic - 2.16 (theory)

0.6 0 T I/TIC - 2.16

0.3

0.2

0.1

1 1.2 1.4 1.6 1.8 2
Mach Number (M,)

Figure 4.23. Strouhal number as a function of Mach number for the ducted jet )t 750'F.

Strouhal Number vs Mach Number
(Theoretical and Experimental)

T /T 2.78 for Ducted Jet
r a0.8 "I

_- Ti_ l TIC = 1.64 (theory)

0.7 / T = 1.64
0 

i
- - T I TIC f 2.62 (theory)

S0.6 0

0 T t TC 2.62
tt;t

S 0.5

S 0.4\

0.3 0

0.2

0.1

1 1.2 1.4 1.6 1.8 2
Mach Number (M

Figure 4.24. Strouhal number as a function of Mach number for the ducted jet at 1,000°F.
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4.3.2 Duct Resonance

As mentioned earlier, our previous experiments (Ref. 4.1) indicated that the high-level
discrete tones measured in the model jet diffuser may be associated with duct resonance modes.

It will not be possible to examine the variation of all tones with flow parameters. Some of the
tones that we have definitely identified to be associated with the duct resonance modes will first
be considered. From the acoustic data taken for underexpanded jet Mach numbers ranging from
0.8 to 1.79, with jet total temperatures (nominal) of 50, 400, 750, and 1,000 0F, with various
secondary mass flow rates, several trends in the acoustic spectra were noted. The most notable
among these trends was a discrete tone that appeared in all test conditions near 1 kI-lz and a less
well-defined hump that appeared in the range of 3.2 to 3.6 kHz. Another tone around 8.3 kHz
appeared at higher Mach numbers for the unheated condition which switched to a higher
frequency at higher temperatures. Since these trends appear to be present regardless of the Mach
number or jet total temperature and their levels appear to change with Mach numbers and
operating temperature ratios at selected operating conditions only, these tones are, in all
likelihood, not due to the jet alone, but result from duct resonance. If suitable flow conditions are
present, they may excite instability waves of the same frequency and then through a feedback
mechanism (see Section 6 for more details) may produce a very large amplitude tone in the duct
by locking on to the duct resonance frequencies.

To establish if the discrete tones referred to above were indeed the duct resonance tones and
if so, what duct modes they corresponded to, the resonant frequencies of the diffuser were
calculated for its various axial, radial, and azimuthal modes as a function of the temperature in
the diffuser using the following equation (Ref. 4.1).

F2• -2(1-D 2 ao0
flmn 2m + 1 D

1, n =0, 1,2,... (4.1)
m = 1,2, 3,

where 1, n, m are the longitudinal, azimuthal, and radial mode numbers, respectively. a0 is the
speed of sound inside the duct. Gnm is the mth root of J4' (prime denotes derivatives; i.e. jn'
(tGnm) = 0.) Jn is the Bessel function of order n.

Note that in this terminology (referred to here as terminology 1) n = 0, m = 1 or (0,1) refers
to a plane wave and n = 1, m = I or (1,1) refers to the circumferential mode, etc. Here m
represents the mth zero of the derivatives an. This convention introduces confusion for those
used to dealing with mode numbers in rectangular ducts where n and m represent the number of
.:jdes in the transverse pressure distribution. To avoid this confusion and to introduce a similar
connotation for circular ducts, many authors use n to denote the number of cylindrical nodes in
the pressure distribution. With this notation, a plane wave mode would have the (0,0) label in the
circular and rectangular ducts. Likewise, n and m would have the same connotation, that is, the
number of nodes in the respective direction (m: along the azimuthal and n: along the radial
direction, in the transverse pressure distribution.) We refer to this terminology as terminology 2.
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Values of frequencies calculated using the above equation for our ejector (L/D = 3) are
presented in Table 4.1 for the zeroth axial mode (I = 0) and in Table 4.2 for the first axial mode (1
= 1). Calculated frequencies are provided both for a duct with both ends open and for a duct with
one end open and one end closed, since it was not known how the presence of the supersonic jet
modified the boundary conditions at one end of the diffuser. Typical curves for various modes
for the "both ends open" case were shown earlier in Fig. 4.18. Measured tone frequencies from
most of the measured in-duct noise spectra are also superimposed in this figure. The comparison
between the measured discrete tones and those calculated is excellent, indicating that the tones
are indeed related to the duct resonance.

If one examines the case of the 1-kHz tones, one finds an extremely good match between
the measured tones and the predicted ones. For the first axial or (1,0,0) mode of the diffuser, the
predicted frequency varies from 0.86 kHz at 50OF to 1.2 kHz at 600OF (Fig. 4.25). Further, noting
that all of the 0.99-kHz data corresponded to cold flow while all of the heated data corresponded
to the slightly higher frequency of 1.18 kHz, one can see that the temperature trend was followed
as well. (The analysis bandwidth was 128 Hz.) One would assume that since this mode is the
lowest order mode that can be supported in an open duct like the one in the current test, that this
mode would always be excited and this seems to be true of the experimental data as this I-kHz
tone is almost always present.

It should be added here that in our previous studies (Ref. 4.1), when we used a diffuser
length different from that used in the present study, the 1 -kHz tone was absent in the measured in-
duct spectra. Also in the previous study, we found that in a test where we tried to excite various
resonances in the diffuser by exciting the duct configuration with white noise injected from an
acoustic driver with no flow passing through the duct system, a 1-kHz tone was found only when
the length of the diffuser was same as that used in the present study (e.g., L/D = 3).

The other two prominent tones that were noticed in these spectra and those measured in the
previous study by the authors were at nominal frequencies of 3.6 and 8.3 kHz. These are
associated with the first and the second radial or transverse modes of the diffuser.

In summary, the dominant tones observed at the in-duct microphone location are either
those associated with the jet screech or those associated with the duct resonances, and we have
been able to identify them by comparing them with the predicted frequencies. This we have done
by calculating the screech frequencies using the screech equation developed by Tam and
provided above and by calculating the duct resonance frequency by using the standard organ pipe
resonance frequency equation involving terms with Bessel's function and also provided above

4.3.3 Mach Number Dependence of Discrete Tone Amplitudes

A careful examination of all of the prominent tone levels will indicate that these levels
increase monotonically with increasing Mach number. This is shown in Fig. 4.26 for a nominal
frequency of I kHz. The level of this tone is approximately 123 dB at a jet Mach number of 0.8
and steadily increases to 139 dB at a jet Mach number of 1.7. It is interesting to note that the
levels appear to be fairly independent of the jet total temperature and remain in a narrow band of
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Table 4.1 Duct resonance frequencies for the zeroth axial mode. (The numbers 0, 1,
2, ... typed in bold represent the azimuthal mode number n in the
horizontal row and radial mode number m in the vertical column.
Terminology 2 discussed earlier applies.)

amma 1.40 Duct dia (ft) 0.21833333
g 32.174 ...... Duct length (ft 0.655
Os constant 53.33 Axial Mode 0
Temp (*F) 75 Freg Div (Hz) 1000
Temp (R) 535
speed of sound 1133.67 ft/s

m =0 m Z I m,=2 m =3 m=4

_ _ _ mn
n = 0 0 3.8317 7.0156 10.1735 13.3237
n = 1 1.8412 5.3314 8.5363 11.706 14.8636
n = 2 3.0542 6.7061 9.9695 13.1704 16.3475
n = 3 4.2012 8.0152 11.3459 14.5859 17.7888
n = 4 5.3176 9.2824 12.6819 15.9641 19.196
n = 5 6.4156 10.5199 13.9872 17.3128 20.5755

open open cylinder (both ends open)
m =0 m=1 m =2 m =3 m=4

(frequency values In kHz)
n = 0 0.000 6.333 11.595 16.815 22.021
n = 1 3.043 8.812 14.109 19.348 24.566
n = 2 5.048 11.084 16.478 21.768 27.019
n = 3 6.944 13.247 18.752 24.107 29.401
n = 4 8.789 15.342 20.961 26.385 31.727
n = 5 10.604 17.387 23.118 28.614 34.007

closed open cylinder (one end open, one end closed)
m =0 m = I I m=2 m=3 m =4

(frequency values In kHz)
n = 0 0.433 6.348 11.603 16.820 22.026
n = 1 3.074 8.822 14.115 19.352 24.570
n = 2 5.066 11.092 16.483 21.772 27.022
n = 3 6.957 13.255 18.757 24.111 29.404
n = 4 8.800 15.348 20.965 26.389 31.730
n = 5 10.612 17.393 23.122 28.618 34.010
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Table 4.2 Duct resonance frequencies for the first axial mode. (The numbers 0, 1, 2,
typed in bold represent the azimuthal mode number n in the horizontal row
and radial mode number m in the vertical column. Terminology 2 discussed
earlier applies.)

gamma 1.40 Duct dia (ft) 0.21833333
9 32.174 Duct length (ft 0.655
gas constant 53.33 Axial Mode 1
Temp (°F) 75 Freg Div (Hz) 1000
Temp (R) 535
sped of sound 1133.67 ft/s-

M = 0 M w I m a 2 m"='3 m = 4

(__mn
n = 0 0 3.8317 7.0156 10.1735 13.3237
n = 1 1.8412 5.3314 8.5363 11.706 14.8636
n w 2 3.0542 6.7061 9.9695 13.1704 16.3475
n = 3 4.2012 8.0152 11.3459 14.5859 17.7888
n = 4 5.3176 9.2824 12.6819 15.9641 19.196
n = 5 6.4156 10.5199 13.9872 17.3128 20.5755

open open cylinder (both endsopenL
M = 0 m , r I O1 m = 2 m = 3 m = 4
----- (-freqeuencvalues In kH z- . .----------------

n = 0 0.865 6.392 11.628 16.837 22.038
n = 1 3.164 8.854 14.135 19.367 24.582
n = 2 5.122 11.118 16.500 21.785 27.033
n = 3 6.997 13.276 18.772 24.123 29.414
n = 4 8.831 15.366 20.978 26.400 31.739
n = 5 10.639 17.409 23.134 28.628 34.018

closed open cylinde (one end open, one end closed)
M m=0 Mr i Z I m=2 m=3 m=4

O-reo -ufency values In kHz)
n = 0 0.865 6.392 11.628 16.837 22.038
n = 1 3.164 8.854 14.135 19.367 24.582
n = 2 5.122 11.118 16.500 21.785 27.033
n = 3 6.997 13.276 18.772 24.123 29.414
n = 4 8.831 15.366 20.978 26.400 31.739
n = 5 10.639 17.409 23.134 28.628 34.018
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2-3 dB regardless of the jet total temperature. Similar results were obtained for two other
prominent frequencies i.e., 3.6 kHz, and 8.3 kHz (nominal values), the data for which are shown
in Figs. 4.27 and 4.28, respectively. Developing a theoretical model to predict this behavior is
beyond the scope of this work, but intuitively one would expect that as the excitation levels
increase as a result of increased broadband noise of the jet, more energy will be injected into the
resonance of the acoustic modes.

2

1.8

1.6

1.4

1.2 Af=128HZ OD OD

• 0.8

0.6

0.4

0.2

0

0 100 2W0 3W0 400 5W0 600

Ejector Temperature *F

Figure 4.25. Predicted diffuser resonant frequency ranges and measured results for first
axial mode as a function of ejector temperature.

87



AEDC-TR-94-10

145

140

z 0
o 135 d •

130
V

125 - - 524F Venturi

125 0- 7W~F Manifold open2

120 

I
0.8 1 1.2 1.4 1.6 1.8

MIch 

Nmae 

( 
M)

Figure 4.26. Sound Pressure Level of the f'rst axial mode resonance as a function of Mach
number.
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SA 
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Figure 4.27. Sound Pressure Level for the 3.4-kHz tones as a function of Mach number.
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Figure 4.28. Sound Pressure Level for the 8.3-kHz tones as a function of Mach number.

4.3.4 Temperature Dependence of Discrete Tone Amplitudes

All of the spectra shown here for L/D of 3 (ejector length was three times its diameter)
displayed a tone at a nominal frequency of I kHz for the unheated condition. As pointed out
above, this tone is associated with the first axial mode frequency of the diffuser. How the
amplitude measured at the in-duct microphone at this frequency changes with increasing
temperature is shown in Fig. 4.29. Clearly, there is little change by increasing the temperature in
the amplitude of this frequency.

Similar plots obtained for the nominal frequency of 3.4 kHz are shown in Fig. 4.30. In this
case, the result of heating the flow is to increase the noise levels by up to 5 to 7 dB at all Mach
numbers.

4.3.5 In Search of Conditions That Produce High-Amplitude Tones

All of the data presented so far show that, indeed, discrete tones are present in the in-duct
microphone signature and that many of these tones increase with increasing jet Mach number
and temperature ratio. But with the exception of the unheated condition of Mj = 1.68 and 1.74
where SPLs of 152.2 dB and 155.5 dB were measured at a frequency of 8.361 Hz (See Figs. 4.15
and 4.17), the highest amplitudes in other measured spectra were not as high as we had expected.
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Based upon the tone amplitudes measured in the AEDC facility (Ref. 6.2), we were expecting to
measure tone levels as high as 170 dB.

It is because of this lack of high tonal amplitude that AEDC personnel suggested that a
better simulation of the AEDC diffuser is needed. Recall that the AEDC diffuser is conical
(diverging in the direction of the flow) and we used a cylindrical diffuser for the case of
obtaining theoretical and experimental data for identical configurations. The baffle orifice plate
or diffuser insert described earlier (See Fig. 2.17) was installed to examine if there were major
changes in the measured in-duct spectra. Two inserts with thicknesses of 0.77 in. and 0.105 in.
and inner hole diameter of 1.20 in. as shown in Fig. 4.31 were installed at the inlet of the
diffuser. The data for the thin insert are shown in Figs. 4.32 - 4.34 for M1 = 0.81, 1.34, and 1.56,
respectively. Up to 6 to 7 dB increase is obtained in the highest tone amplitudes, although the
broadband noise amplitude measured by the test cell microphone is considerably lower now.
This is attributable to the fact that the mixing noise and other noise sources located downstream
of the diffuser insert are being shielded, thus reducing the noise reaching the microphone located
upstream of jet exit in the test cell. By the same token, one could argue that it implies that the
much higher level tones are also being generated in the diffuser, much of which is being shielded
by the diffuser insert as the tone sound travels from the diffuser to the test cell microphone. (See
the sketch on the top right corner of any plot containing in-duct spectra for the location of the
microphone.)

It is found as with the tones without the diffuser insert, the tones wltr the diffuser insert also
increase in amplitude with temperature. This is shown for the thin inseil in Figs. 4.35 - 4.37 fr
three Mach numbers.

Finally, Figs. 4.38 - 4.40 compare the in-duct spectra for the thin and thick diffuser inserts.
Except for minor switching of some discrete tone frequencies, no major changes are obtained in
the tone amplitudes.

In summary, the exercise carried out with diffuser inserts indicated that the noise levels of
the tones may be higher for a configuration that closely simulates the inlet and the exit areas of
the AEDC diffuser. Yet our result did not reproduce the high amplitudes that we were expecting,
as alluded to above. Another test was therefore carried out to resolve this issue further as
discussed below.

4.3.6 Tone Amplitude Measurements in the Ejector

All of the in-duct measurements reported up to this point were acquired at a microphone
located upstream of the nozzle exit above the jet supply duct and inside the test cell. Although
when we started the program, we had intended to carry out extensive measurements of sound
field inside the ejector, changes in the scope of the experiments during the course of the
investigation prevented us from caniying out these measurements. In retrospect, it was a mistake
not to continue with ejector in-duct transducer measurements, as we have been forced to draw
conclusions about the tone amplitudes based upon the measurements by a microphone located
outside the diffuser duct. Since the diffuser has a diameter of 2.62 in., much of the sound at

90



AEDTR-64-10

frequencies higher than that corresponding to first longitudinal mode will decay significantly
before reaching our microphone located in the test cell. For a 2.62-in.-diam duct, the cut-off
frequency for the plane wave mode is 3.02 kHz at 50%F. Thus, even if higher level tones are
generated in the diffuser, they may not appear that high at our test cell microphone location.

To confirm this, we mounted a flush-walled microphone on the diffuser. To do this, we had
to remove the large test cell section located downstream of the plate that holds the diffuser in
place. As these experiments were conducted very near the end of the program, only limited tests
were conducted and for unheated test conditions only. Tone levels as high as 166 dB were
obtained as shown in Figs. 4.41 and 4.42. These figures also show the test configuration and the
relative location of the microphone on the top right comer.

Although these data are for the high Mach numbers, there is no reason why the tone levels
could not be as high at low Mach numbers if the combined Mach number and jet temperatures
were just right to produce coupling between the jet instabilities and the duct modes.
Considerably more discussion on this topic appears later in Section 6.

Delta SPL at 1 kHz
(SPL hot SPL cod)

20 1
o TTIC - X TWT Tc1.64 A TVT, 2.02

o TJ/T,, " 1.2 0 TJ T,. . 2-16

15 * TV T,--1.63 + TJ/Tic-2.61

"10

5 x

0 J9 a -3 0 Q

O x x
x

-5

Titj Ttc = Jet Total Temperature/ Test Cell Temperature

-10 I i I

0.8 1 1.2 1.4 1.6 1.8

MJ

Figure 4.29. Effect of temperature ratio on the 1-kHz tone. (ASPL = SPLhot - SPLcold)
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Delta SPL at 3.4 kHz
(SPL hot' SPL cold

20 I

T TjTic =.1

1 0 x TjVTic - 2.1=1i

0
0 o 0

0 )6 x x 0 xW. 5 . , x x x
xx

0

-5
0

Ttl Ttc =Jet Total Temperature/ Test Cell Temperature

-10 i I I i

0.8 1 1.2 1.4 1.6 1.8
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Figure 4.30. Effect of temperature ratio on 3.4-kHz tone. (ASPL - SPLhot - SPLcold)
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5.0 SELECTED SPIN-OFF RESULTS

To support the experimental work reporte-d earlier, several additional tests were conducted.
For example, because of a change in the scope of the present work during the course of this
investigation, the high-temperature transducers equipped with water jackets were mounted on the
diffuser wall but could not be used because of the budgetary and time constraints. Some valuable
information on the method of their calibration was, however, obtained and is reported in
Appendix E. Similarly, Appendix F includes the description of the diffuser fitted with water
jackets, and Appendix G contains results of additional tests on the effect of L/D.

6.0 SUMMARY AND DISCUSSION

6.1 INTRODUCTION

The main goal of this project was to determine the mechanism responsible for engine test
cell resonance observed at the AEDC facility (Ref. 6.1). Resonance occurred for both
axisymmetric and rectangular jets. In this report consideration is confined only to axisymmetric
jet-.

Figure 6.1 shows the cross-section of a baseline test cell configuration. The jet from the
engine issues into the test cell through an opening of a cylindrical/conical duct. A strong
resonance at 140 Hz is reported under the following operating condition.

Jet Mach Number (Mj) = 1.3
Total temperature of the jet (Tr) =_ 1,800°R
Temperature of gas around jet =_ 2500F
Diameter of jet = 2 ft

Prior to the beginning of the present project, a 1/1 2-scaled model experiment and theoretical
analysis were carried out at the University of Tennessee Space Institute (UTSI) (Ref. 6.2). The
experiments were performed with jet total temperature equal to room temperature (cold jet).
However, it was reported that no strong resonance tone at 140 Hz (full scale) was observed.

In order not to duplicate the UTSI effort, it was decided that a more traditional type test cell
was to be used in the present investigation. That is, instead of the cylindrical/conical duct piece, a
cylindrical ejector duct is used. Earlier, Abdel-F.ttah and Favaloro (Ref. 6.3) had carried out a
series of experiments using a similar flow configuration (See Fig. 6.2). The purpose of their
experiments was to study thrust and mixing enhancement. Thus, the duct-to-nozzle diameter
ratio, as well as the length-to-diameter ratio of the ejector duct are different from the present
project. Although the geometry of the test facility is proportionally not the same as that of the
present study, their measureI results are of interest to the current investigation. The Abdel-Fattah
and Favoloro experiments clearly demonstrated that by putting a jet inside an ejector, a large
number of the normal duct acoustic modes of the ejector were simultaneously excited. Figure 6.3
shows the measured tone frequencies as a function of the pressure ratio of the jet at five duct-to-
nozzle area ratios. The discrete tone frequencies match closely with the calculated normal mode
frequencies of the ejector. Abdel-Fattah and Favoloro observed that the thrust of an ejector
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reached maximum at a special pressure ratio. At the maximum thrust condition, they found
optically that the jet went into violent resonant oscillations, as shown in Fig. 6.4. At other
pressure ratios, the jet flow was very stable, even though tones of the duct modes were emitted.

6.2 REVIEW OF THE THEORETICAL WORK CONDUCTED UNDER THIS PROJECT

At the inception of this research program, it was believed that the violent ejector resonance
at maximum thrust condition observed by Abdel-Fattah and Favaloro was a form of super-
resonance. Here super-resonance is referred to the special jet operating condition under which
the ejector duct mode and the most amplified instability wave of the jet form a feedback loop.
What happens is that when super-resonance occurs the acoustic fluctuations associated with the
ejector duct mode excite the most amplified instability wave of the jet. Once excited, the
instability wave grows rapidly to its maximum amplitude as it propagates downstream, causing
the jet to oscillate violently. The violent oscillatory motion of the jet, in turn, pumps energy into
the duct modes. Thus, the duct mode osc;llat~ons and the instability wave form a feedback cycle,
as illustrated in Fig. 6.5. It is also belie%-., that the mechanism responsible for the AEDC test cell
resonance is very similar. Accordingly, the theoretical work was divided into two parts mirroring
the two links of the feedback loop. They are:

a. Computation of the ejector duct modes.

b. Computation of the instability waves of the jet.

6.2.1 Ejector Duct Mode Calculations

The results of the theoretical investigation have been documented by Ahuja, et al. in Ref.
6.4. It was found that the presence of a jet in the center of an ejector did not significantly affect
the frequencies of the lower-order duct modes. For first-order calculation, therefore, following
Eq. (4.1), the simplified duct mode frequency formula

fnm =0nm a0/(ID) n = 0, 1, 2,... .m = 1, 2, 3,... (6.!)

may be used for an infinitely long circular cylinder. In Eq. (6.1) fnm is the frequency of the nth
azimuthal and m th radial, mode. a. is the speed of sound. D is the diameter of the duct, and aGnr
is the m t root of Jn' (the derivative of the nth order Bessel function), e.g., a, = 1.841, a12
5.331, a1 3 = 8.536, etc. (Here terminology 1 described earlier in Section 4.4.2 is used.)

6.2.2 Jet Instability Wave Calculations

Initially, instability wave calculations were confined to cold jets alone. The most amplified
jet instability wave Strouhal number (f D/uj ) over the Mach number (Mi) range of 1.0 to 2.0 was
determined where f is the wave frequency, Dj is the effective jet diameter, and uj is the fully
expanded jet velocity. The results are shown in Fig. 6.6. It turns out that at low supersonic Mach
numbers, the axisymmetric mode (n = 0) is the most amplified. At higher Mach number, say
above 1.3, the helical mode (n = 1) is the most amplified. This finding provides a natural
explanation of why supersonic jets undergo axisymmetric screech oscillations at low supersonic
Mach number and helical oscillation's mode at higher Mach number. (For further details, see
Ref. 6.4.)

106



AEDC-TR--94-O

An examination of the results of the instability wave calculation and the ejector duct mode
calculation indicated that cold supersonic jet could not produce super-resonance at 140-Hz (full
scale) frequency. The cold-jet resonance frequency is much higher. This is consisten: with
experimental measurements reported in our earlier investigation (Ref. 6.4).

One critical difference between the theoretical and experimental model used in Ref. 6.4 and
the actual test condition at AEDC is the jet temperature. In a real engine the jet is hot, typically at
a total temperature between 1,5000 and 2,000°R. We have shown that, as the jet temperature
increases, the frequency of the most amplified jet instability waves decreases. Thus, higher
temperature would tend to move the super-resonance frequency in the right direction. Extensive
instability wave characteristics at higher jet-to-ambient temperature ratios were, therefore,
calculated as a part of the present investigation and are described below. A close agreement
between the circumferential ejector duct mode and first the heated jet instability for the AEDC
facility is found, strongly supporting the contention that super-resonance is the mechanism
responsible for test cell resonance at AEDC.

6.3 TEST CELL SUPER-RESONANCE

In Ref. 6.1, Jones and Lazalier described certain violent acoustic resonances encountered in
the AEDC high-altitude turbine engine test facility. Figure 6.1 is a schematic diagram of the
baseline configuration of the test cell. They reported that when an axisymmetric jet from a
convergent nozzle of 2-ft diameter at a total temperature of approximately 1,800°R and a Mach
number of 1.3 was being tested, the jet underwent violent oscillation, and a discrete tone at 140
Hz was emitted. The cause of the resonance was unknown. However, they were able to suppress
the resonance by conventional engineering methods.

The test cell resonance is evidently related to the ducted jet feedback resonance illustrated
schematically in Fig. 6.5. The normal modes, in this case, are the acoustic modes of the
cylindrical/conical duct piece of the facility as shown in Fig. 6.7. The geometry of the cylindrical/
conical duct piece is very similar to that of a circular duct of diameter D and length L with one
open and one closed end. The normal mode frequencies, flmn, of such a finite length duct are
given by Eq. (4.1) and repeated below for convenience.

fl n =• 2n +2(icD 2a 0
f nm 2L 2 nD (6.2)

1, n = 0, 1, 2,
m = 1,2,3,...

where 1, n, m are the longitudinal, azimuthal, and radial mode numbers, respectively, ao is the

sound speed inside the duct. Snm is the mth root of Jn' (prime denotes derivative); i.e., Jn' (anm)

= 0. Jn' is the Bessel function of order n. The presence of a jet inside a finite length duct
invariably modifies the acoustic normal mode frequencies. An analysis of the presence of a
vortex sheet jet inside a duct has been carried out. Numerical results, however, reveal that the jet
alters the low-order duct mode frequencies by only a negligible amount. Therefore, as a first
estimate, Eq. (6.2) is used. The diameter of the cylindrical/conical duct piece is not exactly
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constant. It varies from 10.75 ft at the open end to 8.5 ft at the closed end. The average is 9.63 ft,
which is used in the computation below. The length of the duct piece is 8.08 ft. Jones and

Lazalier estimated that the ambient gas surrounding the jet has a temperature of about 250'F or

710'R so that the sound speed a0 is 1,300 ft/sec. On noting that aI = 1.841 (n = m = 1), it is
easy to find from Eq. (6.2) that the normal mode frequency of the (1, 1, 1) mode; i.e., fI I is
equal to 144 Hz. This is very close to the observed tone frequency of 140 Hz. The good
agreement suggests that the test cell resonance is primarily related to the n = ±1 azimuthal
(helical or flapping) jet instability wave mode.

Since the observed test cell resonance is associated with extremely high tone intensity and
large amplitude jet oscillations, it is probably not just a case of simple resonance. From an
energy standpoint, the strong oscillation has to be driven by a large-amplitude instability wave of
the jet (the only large source of energy available). As a working hypothesis of the mechanism
responsible for the test cell screech phenomenon, it is proposed that the oscillation was driven by
a feedback loop consisting of the (1, 1, 1) mode of the inlet cylindrical/conical duct and the
instability wave of the jet. Since the oscillation was reported to be very violent, the instability
wave involved must be the most amplified wave, a situation hereby referred to as super-
resonance. To demonstrate that the test ceil tone and pressure fluctuations are indeed generated
by super-resonance, we must first determine the frequency of the most amplified instability wave
of the jet at the test condition.

Figures 6.8a-c show the calculated total growth of the instability waves of a Mach 1.3 jet at
three different temperature ratios as a function of the Strouhal number for the three lowest
azimuthal modes (n = 0, 1, and 2). It is evident from these figures that the helical mode (n = 1) is
the dominant instability wave mode. As temperature increases from Tj/Ta = 1.0 to 2.0, (Tj is the
fully expanded jet temperature and Ta is the ambient temperature) the Strouhal number of the
most amplified instability wave decreases from 0.25 to 0.13. Now the AEDC test cell resonance
was observed at a jet Mach number, Mj, equal to 1.3, total temperature around 1,800'R, ambient
gas temperature about 250°F (710'R) and a jet nozzle exit diameter, D, of 2 ft. By using the
above parameters as input, the frequency of the most amplified jet instability wave can be
calculated as follows.

Tr 1800 0TT = 1 + 0 = 1389°R (T = 1.35) (6.3)
1 +0.175× 1.32
I+ (r-l) --

2

Hence Tj/Ta = 1.96, say 2.0. The effective diameter of the jet, Dj, is related to the nozzle exit
diameter D by the formula

D. I + Y- IM2  4(T- 1)
__ V_= 1.033 (6.4

D 2M
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where Md is the nozzle design Mach number, Md = 1.0 for a convergent nozzle. Also the jet
velocity, Uk, is equal to Mjaj (a, = sound speed inside the jet). At a temperature of 1.389°R it is
easy to find that aj = 1,798 ft/sec.

From Fig. 6.8c at TjI"a = 2.0 the Strouhal number, fD1/uj, of the most amplified instability wave

is equal to 0.13. Thus,

0.13U.f= _ = 0.13 x 1798 x !.3_ 147Hz (6.5)

D. 2 x 1.033

Therefore, the frequency of the most amplified jet instability wave is, indeed, nearly equal
to the observed resonance frequency and the frequency of the second radial duct mode of the test
cell inlet cylindrical/conical duct piece.

In the original GTRI experiments with unheated jets presented in Ref. 6.4 and those
presented here, resonance at 140 Hz (full scale) frequency was/is not observed. However, unlike
in the AEDC facility only cold jets were used. Thus, even if super-resonance did occur, it would
occur at a higher frequency and would not be noticed. Now following the above computation
procedure, it is possible to determine the condition under which super-resonance occurs. If super-
resonance did occur, it can be confirmed by re-examining the experimental data.

It appears that for the ejector with both ends open, as in our experimental study (without
orifice baffle inserts) the second radial duct mode provides super-resonance.

By means of Eq. (6.1), the frequency of the second radial duct mode of the ejector used in
the GTRI experiment is 8.54 kHz. In Fig. 6.9, the curve in the Strouhal number versus Mach
number plot (cold jets) corresponding to this frequency is shown in broken line segments. Also
shown in this figure is the curve of the most amplified instability waves of cold supersonic jets
given earlier in Fig. 6.6. The intersection of these curves provides the Mach number at which the
frequency matching condition of super-resonance is satisfied, i.e., the frequency of the duct mode
matches the frequency of the most amplified jet instability wave. As can be seen from this figure,
the intersection point lies between Mach number 1.5 and 1.6. Therefore, if super-resonance
occurs in the L nheated test in the GTRI sub-scale experiments, it would occur when the operating
Mach number of the jet is between 1.5 and 1.6.

Figures 6.10a-d are the in-duct microphone sound pressure level spectra measured at jet
Mach numbers 1.4, 1.5, 1.6, and 1.7, respectively. From these data, it can be seen that there are
dominant tones in the spectra. The highest sound pressure level occurs at Mj = 1.6 at 8.0 kHz.
The highest sound pressure level at Mach number 1.4 and 1.5 are about the same and occur at 9.8
kHz and 8.8 kHz, respectively.

This sound pressure level is considerably higher than the tone sound pressure level at M3 =

1.7. Thus, it is conceivable that a strong resonance could have occurred at a Mach number
between 1.5 and 1.6 at a frequency of 8.54 kHz for the unheated conditions, just as the theory
predicts.
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SSmilariy, when the onfice baffle inserts shown in Fig 4 ,1 are used, one should use Eq
(6.2) to approximate a close-open end ejector duct Thlus provides a frequefl.y of II 967 kHz for
the I st circumferential mode corresponding to (1 = I 84

Note that this configuration is a better representation o( the AEIX" configuration for %hich
super-resonance has been demonstrated to ot:cur for (II = I 84 A re-¢xamination of the %pectra

with the orifice baffle insert indeed shows high peaks in the ý.icinitm of 12 kHi, as seen n Figs
4.39 and 4.40.

The data with the inserts were obtained near the contractual termination date and were
outside the original scope of the contract. Further data need to be acquired and need to be
analyzed in the light of the new insights gained on the topic of super-resonance.

6.4 CONCLUDING REMARKS

The mechanism responsible for the AEDC test cell resonance has been investigated. It is
believed that the oscillations are generated by a feedback loop involving the second radial
acoustic mode of the inlet cylindrical/conical duct piece of the test facility and the most
amplified instability wave of the jet. To see how the feedback loop maintains itself, one may
begin by noting that associated with a duct mode oscillation there are pressure and velocity
fluctuations. These fluctuations can easily excite the instability wave of the jet near the nozzle
exit where the mixing layer iý thin. Once excited, the instability wave grows rapidly as it
propagates downstream by extracting energy from the mean flow of the jet. When the instability
wave attains a large enough amplitude, it forces the jet to oscillate, thus pumping energy back
into the duct mode. In this way, the oscillations of the jet are coupled to the acoustic oscillations
of the duct mode, forming feedback resonance. The oscillations would be most violent when the
most amplified instability wave of the jet is involved --- the case of super-resonance. It is
determined that at the AEDC test conditions, the frequency of the most amplified instability
wave is around 147 Hz. This is very close to the observed resonance frequency of 140 Hz and
also the frequency of the second radial duct mode of the inlet piece of the facility. The good
match of these frequencies provides strong support for the hypothesis that super-resonance is the
cause of the test cell resonance.

The budget and time constraints did not allow us to completely understand the effect of
temperature on the coupling between the jet instability and the duct resonance. It appears that we
are on the correct path of understanding as our measurements of the screech frequencies of
heated jets follow the theoretically predicted trend. That is, the screech frequencies increase with
increasing jet temperature ratio. Our measurements indicated the presence of the same screech
frequencies for the ducted configuration in which the amplitudes at these frequencies were much
higher.

We were also able to identify a number of discrete tones for the ducted configuration at
frequencies corresponding to various duct mode resonances. The amplitudes of all duct mode-
related tones increased with increasing Mach numbers and with increasing temperature.

Since our work has demonstrated that the peak frequency of the jet instability wave changes
with temperature and that high-amplitude duct resonance tones are generated at a range of
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f requences. it will not he %trpning to find that at certain Mach numbers, super-resonance does
not occur at unheated conditions, but does occur at heated conditions, and vice versa.

6$5 RECOMMENDATIONS FOR FUTURE WORK

The present project ended before we could acquire more detailed data to properly close the
gap in our understanding of the phenomenon underlying the coupling between jet instabilities
and duct resonances.

It is recommended that the future studies include the following as a minimum:

I. Acquire data similar to those obtained to date at finer intervals of jet temperature and
pressure ratios and validate the concept of super-resonance for a range of suitably
selected diffuser diameters and operating conditions.

2. In all future studies, make detailed flow and acoustics measurements inside the
diffuser.

3. Conduct a similar study, both experimental and analytical/computational, for
rectangular jets.

4. Develop appropriate scaling methodology and design charts for estimating the
occurrence of strong resonances in test facilities to support the analysis of future
exhaust systems.

5. Develop methods of controlling the acoustic interactions between altitude test
facilities and jet engine plumes.

TEST CELL CONFIGURATION

'•----.----

.33I

Figure 6.1 Baseline configuration at AEDC.
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Figure 6.2 Schematic diagram of the experimental apparatus used by Abdel-Fattah
and Favaloro (Ref. 6.3, Figure 1).
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Figure 6.3. Discrete tone fundamental frequency measured by Abdel-Fattab
and Favaloro in their ejector thrust enhancement experiment
(Ref. 6.3, Figure 7).
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Duct A

a- Macnorant

a- Stable

Figure 6.4. Schlieren photographs of the axisymmnetric jet in the square duct dur-
lng resonant and relatively stable flow conditions corresponding to
points A and B on the thrust characteristics respectively (Ref. 6.3, Fig.
12.
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normal mode oscillation

- II instability wave

Figure 6.5. Super-resonance - feedback cycle formed by a normal mode of the
duct and the most amplified instability wave of the jet.

115



AEDC-7T44-1O

0.8

0.7-

I/ ! mods

0.6 / /

EA:0.4- u-I mode

D -

I Ij

0.1

0.01
1.1 1.2 13 1.4 1.5 1.6 1.7

Mach aumber

Figure 6.6. Range of the most amplified axisymmetric and helical instability wave
modes of cold supersonic jets.
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Figure 6.7. Super-resonance formed by the feedback oscillations of the second
radial duct mode of the inlet cylindrical/conical piece and the most
amplified instability wave of the jet.
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Figure 6.8a. Total growth versus the Strouhal number of a Mach 1.3 jet at Ti/Ta = 1.0.
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Figure 6.8b. Total growth versus the Strouhal number of a Mach 1.3 jet at Ty/Ta - 1.4.
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Figure 6.9. Locating the super-resonance condition for the GTRI experiments (cold jets).
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APPENDIX D

Mass Flow Calculations

D.1 Calculation of the Primary Jet Mass Flow Rate 111

For this calculation the following isentropic mass flow relation was used;

y+1

P, Y
' 1 =A '-21 2

where A =0.484 0.001278 ft2. P0 and To are the plenum pressure andwhereA rt 12

temperature, respectively, and where the Mach number, M, is equal to I if the jet is

supersonic.

D.2 Calculation of the Secondary Mass Flow Rate I1fl 2

D.2.1 The Secondary Manifold Equipped with Venturi

The pressure difference across the venturi was measured and recorded for each

pressure ratio tested.

The calculations for the mass flow through the venturi were based on the methods

given in the Handbook of Fluid Dynamics by Streeter (Ref. D. 1) for compressible flow

through a venturi. The equation for calculating weight flow was given as

W=K A2 Y y2g(p 1 -p 2 ) lb

where K is a flow coefficient based on Reynolds number that was taken to be equal to 1,

A2 is the area at the throat of the venturi, 'y here represents the specific weight (32.2 *

density), Y is the 'expansion factor' for the venturi, g represents the acceleration due to
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gravity, and pi and p2 represent the pressure at the venturi intake and throat respectively.

The above formula was used to find the mass flow rate by dividing by 32.2 ft/s 2

For the venturi used, the diameter of the intake was 0.61 inches and the diameter

at the throat was 0.08 inches. This yielded the following values

D-2 =0.1311
DI

A2 = 3.4907*E-5 ft2

The density was taken to be the density at ambient conditions as given above

since the venturi entrained the ambient air.
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The expansion factor was determined from the graph below.

Expansion Factors vs. Pressure Ratio
for y = 1.4

Adapted from Handbook of Fluid Dynamics

.......... ... 4.

r......7.4...

0.8

C.

0.7

D2/D I 07

0.6

0.5 ~ ~ ij

1 0.9 0.8 0.7 0.6 0.5

P2/P I

This graph is based on the values given in Ref. D.l1, and the line for D2/D I was extrapolated from
the given values. This essentially resulted in using the expansion factors given for D2ID! 0.2
which is close to the actual value of 0. 13.
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D.2.2 The Manifold Without the Venturi

Here the mass flow rate is given by

rm2 =pAV

where the density is taken as the standard density as above and the area is given by the

manifold area, which in some cases is halved since half of the manifold was closed off,

and the velocity was determined as follows.

The velocity was measured by a pitot static probe. An effort was made to ensure

that the velocity was uniform over the entire area of the manifold intake. The velocity

did indeed appear to be uniform as the measured pressure difference was only slightly

lower at the walls and uniform elsewhere in a line across the intake. From this pressure

difference the velocity was calculated as follows;
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APPENDIX E

Calibration of Kistler@ Transducers

One of the initial goals of the experiments was to acquire the tone amplitude and

phase measurements inside the diffuser to determine the mode of the jet inside of the

diffuser. To acquire these data a special diffuser was constructed which contained many

ports for water-cooled Kistler pressure transducers. To accurately measure the phase, it is

necessary to know the relative amplitude and phase of each transducer with respect to a

reference transducer. Thus it was necessary to measure the relative amplitudes and

phases of each of these transducers in a controlled experiment where they each receive

the same input. This experiment and some preliminary results are presented below. The
results are described as preliminary since a decision was made not to make the phase
measurements part way through the program and thus this part the experiment was not

carried to its completion.

E.1 Experimental Setup

Several different setups were used to try to provide the same acoustic signal to

multiple transducers at the same time. A sound distribution device, shown in part in

Figure E. 1 was used for this purpose. This device consisted of a port in which the sound

,vas introduced that impinged on a sharp cone. Radially distributed around this cone

were 12 circular ports to which the transducers were mounted. At first, an attempt was

made to use a speaker to output white noise into the sound distributor, but it was found

that the amplitude was to low for the transducers. T'his setup is shown in Figure E.2.

Figure E.3 shows the transiucer. protruding from the sound distributor in the foreground.

Letting a subsonic jet impinge ,,n the opening of the sound d-', rutor was found to create

the acoustic amplitude necessary. This setup is shown in Figure E.4 and schematically in

E.5.

b%

Figure E-1. Sound distribution device.
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Sound Distributor

Figure E-2. Speaker setup for Kistler calibration.

Figure E-3. Close up of sound distributor and transducers.
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Figure EA4 Impinging jet schematic for Kistler calibration.

from air to pressure
supply transducer

Transducers

FigreE-5 Ipigin jt cheatcPorwiter clbain
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It was found that by running the jet with a line pressure of approximately 11 psi
with the jet 0.3 inches above the entrance to the sound distributor yielded a highly

reproducible acoustic signal. At a frequency of 26.6 kHz this signal was found to be 26.2

dB above the ambient/electronic noise.

(Note: A 120 Hz tone, that is electronic in origin, was found to be present in all

measured spectra.)

The repeatability of the dfata as well as the level relative to the ambient noise is

shown in Figure E.6.

E.2 Test of Sound Distributor Device

An attempt was made to confirm that the sound that enters through the small orifice in the

sound distributor propagates evenly to each port.

Method

1) Cover all ports except port #1.
2) Record noise at port #1 with transducer #1 on Channel #1.

3) Cover all ports except port #2.

4) Record noise at port #2 with transducer #1 on Channel #1.

5) Repeat the above procedure for other ports.

The transducer depth into each port was determined by using precision dial

calipers, and the transducer had 2.163 inches of its length protruding into the port for any
given measurement. The line pressure was maintained at 10.6 psi for all data taken.

The effectiveness of the sound distribution device is shown in Figure E.7.

E.3 Transducer Relative Amplitude Measurements

Method

1) All 12 transducers were mounted as in the previous test.

2) The jet was positioned as in the previous test and was run at a line pressure of

10.6 psi.
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3) The signal from each transducer was measured and the levels relative to

transducer #1 were monitored at a frequency of 29.0 or 28.8 kHz.

4) An effort was made to adjust the output levels of each transducer by means of

the "current adjust" switch on the power supply so that all transducers gave

the same level at this trequency.

5) The transfer function spectra between a given transducer and transducer #1 was

obtained using a real time frequency analyzer.

A representative transfer function between transducer I and 2 is shown as the

lower curve in Figure E.8. This plot is typical of the preliminary results for the remaining

transducers. (The upper curve is the phase spectra as described below.)

E.4 Transducer Relative Phase Measurement

Method

1) The setup of the transducers was the same as in the previous experiment.

2) The relative phase between transducer #1 and #2 was measured.

3) The relative phase between transducer #1 and #3 was measured.

4) This process was repeated for all 11 transducers.

A representative phase measurement is presented in Figure E.8 as the upper curve.
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E.5 Transducers in Water Jackets

Since it was planned to use these transducers in a high temperature environment,

it was planned to m,)unt them inside of water jackets while obtaining the acoustic

measurements. A set of experiments was thus conducted to determine the effect of these

waterjackets on the acoustic response of the transducers, if any.

To accomplish this task, it was decided to use an unheated free jet operated at a

pressure ratio such that a high amplitude screech tone was present as a noise source. This

was necessary to acheive the high amplitude necessary for the transducers. First a 'free

standing'(i.e., without a water jacket) Kistler transducer was placed at a distance of 2.125

inches from the jet center, at the same radial distance as a B&K microphone, which was

previously calibrated, in the exit plane of the jet. The Kistler transducer was then

calibrated ni,, respect to the B&K microphone. The Mach number was increased and

the two time averaged signal were compared. As can be seen in Figure E.9, the two

signals compare quite favorably until about 35 kHz after which the Kistler transducer's

amlitude is considerably higher. This is due to the fact that the Kistler transducers are

only sensitive to high amplitude pressure fluctautions. One can clearly see that these

transducers only meaure levels in excess of the 115 dB range. This is the primary reason

for using the screech tone of the jet to calibrate these transducers. In Figure E. 10 one

again sees relatively good agreement between the two.

The same transducer was now mounted inside a water jacket and placed at the

same physical location. In Figure E.1 1, one can see that with the addition of the water

jacket the two signals are quite different. There is a 20 dB increase from 1-10 kHz, a 10

dB increase from 10-20 kHz, and additional tones appear to be added. The transducer did

however measure the screech frequency accurately although at a level 4.3 dB lower than

that measured by the B&K. For the higher Mach number similar but worse results were

obtained.

Due to changes in the scope of the program this phenomenon was not resolved,

and at this point only speculation can be made into the cause of this phenomena. These

results are included here primarily to provide the benefit of our experience on the

problems associated with acoustic measurements at elevated temperatures.
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Diffuser with Water Jackets

A diffuser was constructed with an array of fourteen water jackets to

accommodate pressure transducers for the purpose of mode detection inside the diffuser.

As the experiments progressed, it was jointly decided by the experimenters and AEDC

personnel to pursue the mode detection at a later time and concentrate on acquiring the

acoustic data, consequently this diffuser was not used in these experiments as other facets

of the program became more important. For the sake of completeness, however, the

diffuser is described here, since it presents a unique capability that could be exploited at a

later time.

The diffuser is shown in Figures F.l and F.2 below. This diffuser has a LID of

3.0 and has 14 water jackets downstream of the test cell bulkhead. These water jackets

are mounted so that 8 are radially distributed just downstream of the test cell bulkhead

and there are 6 more mounted along axial lines on opposite sides of the diffuser. This

configuration allows for unsteady pressure data to be acquired by 8 transducers

simultaneously at a given radial location, and for data to be acquired along the diffuser

axis by 8 transducers with four on each side (two transducers have multiple roles).

Furthermore the diffuser design allowed the radial ring of water jackets to be moved

axially on the diffuser, thus allowing easier model detection at different axial locations.

Figure F-1. Ducted jet components with diffuser with water jackets.
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Figure F-2. Close up of diffuser with water jackets.
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APPENDIX G

Effect of LJD

A test was conducted for unheated flow into the effect of changing the length to
diameter ratio of the diffuser. The L/D of this diffuser was 1.64 which is the ratio for the

actual AEDC facility. Data for this diffuser were compared with data from a L/D = 3.0

diffuser. For all practical purposes, the spectra of these two test were identical, although
the shorter ejector tended to increase the tones described in previous sections by

approximately 2-3 dB. A comparison between the two diffusers is presented in Figures

G.1 - G.9.
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NOMENCLATURE

De - exit diamc ;he nozzle

Di - exit diameter of the nozzle, aenematively the fully expanded jet diameter

from Ref. 3.5

Af - bandwidth of the data

LA) or - length of diffuser ovr the diameter of the ejector
L.^~
Mi - tunderexpanded jet Mach number

Md - design Mach number of the jet

ml - primary (jet) mass flow rate

fi 2  - secondary (manifold) mass flow rate

h2/mll - nondimensional secondary mass flow rate

R/De - nondimensional radial distance to the micTopho.ti

SPL - Sound Pressure Level, typically measured in decibels

rS - temperature into which the jet expands

Tj - jet total temperature

T ror - temperature in the plenum reservoir

Ttc - temperature in the test cell

T/T. - temperature ratio of the jet

0 - polar angle relative to the jet centerline of the microphone location

U, - underexpanded jet velocity

Xe/De - nondimensional distance from the ejector to the nozzle exit
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